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We investigate excitons in stacked transition metal dichalcogenide (TMDC) layers under perpen-
dicularly applied electric field, herein MoSe2/WSe2 van der Waals heterostructures. Band struc-
tures are obtained with density functional theory calculations, along with the electron and hole wave
functions in conduction and valence bands, respectively. Although the type-II nature of the het-
erostructure leads to fully charge separated inter-layer excitons, charge carriers distribution among
the layers is shown to be easily tunable by external field. Our results show that moderate val-
ues of electric field produce more evenly distributed wave functions along the heterostructure, thus
enhancing both the inter-layer exciton binding energy and, most notably, its oscillator strength.
PACS numbers:
Introduction - Recent experimental and theoretical
analysis of transition metal dichalcogenides (TMDCs)
have demonstrated that these indirect gap materials,
when exfoliated into their monolayer form, acquire a di-
rect gap at the K-point of the first Brillouin zone edge.
[1–8] Across the different types of transition metal and
chalcogen combinations, survey of their optical gap [9–
14], excitonic Rydberg spectra [15, 16], trion and biexci-
ton formation [17–19] provide evidence of strong electron-
hole interaction, due to the reduced dielectric screening
in these systems. Van der Waals (vdW) heterostructures,
through either vertical stacks or lateral attachment of dif-
ferent materials, present a promising avenue to engineer-
ing excitonic properties. Several experimental groups
have reported advances in this direction, particularly on
the investigation of photoluminescence (PL) in vertically
stacked vdW bilayers. [20–26]
Recent efforts on vdW heterostructures have been fo-
cused on the pursuit for experimental evidence of spa-
tially indirect inter-layer excitons (ILE), i.e. where the
electron and hole forming the excitonic pair are confined
at different materials. This situation is expected to occur
in combinations of TMDCs with type-II band alignment
[27], i.e. both the conduction and valence band of one
layer are at higher energy as compared to the same bands
in the other layer. Such a spatially separated electron-
hole pair should in general have very small electron-hole
overlap and, consequently, longer recombination time, or
excitons lifetime. This could potentially be of interest
to energy storage and photodetector applications, where
long exciton lifetimes are required. [28] However, ILE has
been proven to be elusive in experiments, since its very
low oscillator strength forbids an inter-layer valence-to-
conduction band transition to occur in light absorption
measurements.
Here, we investigate electronic and excitonic proper-
ties of MoSe2/WSe2 heterostructures under an applied
perpendicular electric field. Our results reveal strong
electrical control of excitons binding energies and its os-
cillator strength. The former and latter would dictate
the PL spectral resonance position and intensity respec-
tively. Electronic band structures are obtained using
density functional theory (DFT) calculations, whereas
excitonic states are described within the Wannier-Mott
approach.[29, 30] In the absence of electric field, quasi-
particle states around K-point are shown to be fully
charge separated between the layers, due to the type-II
bands mismatch, thus forming a vertical intrinsic elec-
tric dipole. As the field is applied opposite to the dipole
direction, it pushes single electron and hole states to-
wards each other across the bilayer, forcing the dipole to
flip. At the crossover electric field, the dipole moment
is minimized. In this case, the inter-layer exciton oscil-
lator strength and binding energies are shown to attain
maximum values, which suggests e.g. the possibility of
observing a higher ILE peak and a visible blueshift of
its position in PL experiments. The application of such
an intermediate field can be achieved either by gating
or doping one of the layers. The possibility of having a
reciprocal space indirect inter-layer exciton (between Γ
and K points) is also discussed.
Theoretical model - In order to obtain the band struc-
ture and electron/hole distributions for the vdW het-
erostructure, DFT calculations were performed using the
Vienna ab initio simulation package (VASP).[31] We used
projector-augmented wave (PAW)[32] potentials and ap-
proximated the exchange-correlation potential with the
Perdew-Burke-Ernzerhof (PBE)[33] functionals. Van der
Waals corrections [34] and spin-orbit coupling were in-
cluded in the calculations. During the ionic relaxation,
the Brillouin zone of the unit cell was sampled by a grid
of (17×17×3) k-points. A plane-wave basis set with en-
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2FIG. 1: (color online) Side view of the crystal structure of MoSe2/WSe2 heterostructure with (a) AA and (e) AA’ staking
orientation. Inset: first Brillouin zone and its high symmetry points. In-plane lattice constant a is 3.33A˚ , while interlayer
distances are 7.10A˚ and 6.72A˚ for the AA and AA’ cases, respectively. The vertical arrow illustrates the positive direction of
applied electric field ~E. Band structures of AA stacked MoSe2/WSe2 heterostructure (b) without applied electric field, and
with applied fields (c) E = 0.2 V/A˚ and (d) E = 0.3 V/A˚ are shown. (f-h) The same as (b-d), but for AA’ stacking and
E = 0.3 V/A˚ and E = 0.4 V/A˚ . The color scale indicates the relative wave function projections to the MoSe2 (blue) and WSe2
(pink) layers.
ergy cutoff of 400 eV was used in all calculations. A large
out-of-plane supercell size of 36 A˚ was chosen to ensure
no interaction between adjacent supercells. While apply-
ing external electric field, dipole corrections were applied
in order to remove spurious dipole interactions. [35]
In general, TMDCs bilayers are shown to be indirect
gap semiconductors. [1, 2] However, vdW heterostruc-
tures with AA stacking, instead of the natural AB form,
exhibit direct gap at K. [25] Electronically, these two
layers are largely decoupled, with superposition of their
monolayers bandstructure. Alternatively, AA’ stacked
bilayers, namely, with transition metal atoms of one layer
superposing chalcogen atoms of the other layer, also share
the same qualitative features. In our calculations, the ge-
ometry of AA and AA’ stacked MoSe2/WSe2 supercells
was first optimized at zero electric field, leading to the
crystal structures shown in Figs. 1(a) and 1(e). For any
other value of perpendicular electric field, we computed
the optimum interlayer distance, by allowing the ions to
relax in the out-of-plane direction until the atomic forces
on the unit cell were less than 0.01 eV/A˚ . The charge
density was computed by refining the solution to the
Kohn-Sham equations with an energy convergence value
of 10−5 eV. While the above calculations were performed
in the absence of spin-orbit coupling, a final run including
spin-orbit coupling was used to compute wave functions
and energy bands. Energies were calculated along the
symmetry lines of the Brillouin zone shown in the inset
of Fig. 1(a). Energies in all DFT results throughout the
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FIG. 2: (color online) (a) Two lowest conduction band states
and highest valence band states (VBM) for AA stacked
MoSe2/WSe2 heterostructure under perpendicularly applied
electric field at K point. (b) Valence band extrema at Γ point
as a function of the electric field. The same results, but for
AA’ stacking, are shown in (c) and (d), respectively. Color
coding is the same as in Fig. 1, thus indicating the rela-
tive wave function projections to the MoSe2 (blue) and WSe2
(pink) layers.
paper are shown using vacuum energy at zero electric
field as reference.
3From the pseudo-wave function Ψn,~k(~r) =
[ψ↑
n,~k
(~r), ψ↓
n,~k
(~r)]T of a specific band n and ~k-point
(in what follows, we choose either ~k = K or ~k = Γ), we
extracted the probability function projection [36] to the
bottom layer (MoSe2) as
Φ
(n)
1 =
∫ z0
zmin
dz
∫
Ω2D
dx dy
[∣∣∣ψ↑
n,~k
(~r)
∣∣∣2 + ∣∣∣ψ↓
n,~k
(~r)
∣∣∣2] (1)
and similarly (but integrating from z0 to zmax) for the
top layer (WSe2)
Φ
(n)
2 =
∫ zmax
z0
dz
∫
Ω2D
dx dy
[∣∣∣ψ↑
n,~k
(~r)
∣∣∣2 + ∣∣∣ψ↓
n,~k
(~r)
∣∣∣2] ,
(2)
where Ω2D stands for the two-dimensional Wigner-Seitz
cell, zmin and zmax are the supercell lower and upper
boundaries in the out-of-plane direction, respectively,
and z0 is the mid-point position between the two layers.
We define the exciton wave function, within
the Wannier-Mott model, as Ψ(re, rh, i, j) =
ψe(re)ψh(rh)φij , for electron and hole in the i-th
and j-th layers, respectively. The exciton Hamiltonian
in this basis reads
Hexc =
2∑
i,j=1
[
1
µij
∇2‖ + Vij(re − rh)
]
, (3)
where i, j = 1(2) stands for the bottom (top) layer and
µij is the reduced effective mass for an electron (hole) in
the i(j)-th layer. The exciton binding energy can then
be obtained from 〈Ψ|Hexc|Ψ〉, which leads to
Eexc = E11 + E12 + E21 + E22, (4)
where Eij = |φij |2Eij‖ , and Eij‖ is the energy obtained
by numerically solving Schro¨dinger equation for the in-
plane motion considering Vij(re−rh) as the electron-hole
interaction potential. The latter is obtained from the
quantum electrostatic heterostructure model, [37] assum-
ing an electron in the i-th layer and a hole in the j-th
layer. |φij |2 is calculated by first integrating the square
modulus of the DFT obtained electron (hole) wave func-
tion in the surroundings of the i(j)-th layer (i.e. around
zmin < z < z0 and z0 < z < zmax for bottom and
top layers, respectively), such as in Eqs. (1) and (2), in
order to obtain the contribution from each layer to the
overall probability density distribution. Multiplying the
results for electrons and holes yields the probability of
simultaneously having an electron in i and a hole in j,
namely φij = Φ
(e)
i Φ
(h)
j , where e (h) stands for the low-
est (highest) conduction (valence) band states. In this
way, the electron-hole overlap is given the probability
of having both quasi-particles at layer 1 or layer 2, i.e.
|φ11|2 + |φ22|2.
Results - DFT results in Figs. 1(b-d) and 1(f-h) show
that the MoSe2/WSe2 heterostructure is a direct gap
semiconductor at K point under all values of applied elec-
tric field investigated here, for both stacking configura-
tions. Figures 1(b) and 1(f) show the band structure of
the AA and AA’ stacked heterostructures at zero electric
field. In both cases, from the color scale, one verifies that
the wave functions at the K point are well localized in ei-
ther the MoSe2 or WSe2 layer. Hence, the combined band
diagram of the heterostructure preserves the properties
of the band structure of its constituent monolayers. This
observation supports the idea of using the layer-localized
states (φij) as a basis in which the Hamiltonian in Eq.
(3) becomes diagonal. Otherwise, non-zero off-diagonal
(hopping) terms would produce energy bands with layer-
delocalized electron and hole wave functions instead.
When a positive electric field is applied (see Fig. 1(a)),
the bands around K with prevalent MoSe2 character shift
to higher energies, while those with WSe2 character shift
to lower energies, as one would expect if the band struc-
tures were uncoupled (see Fig. 1(c) and Fig. 1(d) at 0.2
and 0.3 V/A˚ , respectively). This eventually results in
a band crossing, which occurs around 0.2 V/A˚ for both
conduction and valence bands at K. The same situation
holds for AA’ stacked heterostructures, as shown in Figs.
1(f-h), albeit at a higher crossover electric field of ≈ 0.3
V/A˚ instead. A similar effect is also discussed in Ref.
[38].
The situation is more complicated, however, for the Γ
point, where the valence band states have highly mixed
projections. Despite the fact that the valence band max-
imum is at K, the satellite valley at Γ is very close in
energy and might be experimentally accessible as well.
In fact, a recent PL experiment suggests the observa-
tion of an indirect exciton composed of an electron at
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FIG. 3: (color online) Normalized wave function projections
on the MoSe2 (solid) and WSe2 (dashed) layers, calculated ac-
cording to (1) for (a) CBM and (b) VBM at K point, as well
as for (c) VBM at Γ point, assuming a AA stacked vdW het-
erostructure. (d-f) The same results, but for the AA’ stacking
case.
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FIG. 4: (Color online) (a) Electron and hole probability den-
sities around the WSe2 and MoSe2 layers, for different values
of applied electric field E, ranging from 0.1 to 0.4 V/A˚ in
steps of 0.025 V/A˚ . Electron-hole overlaps (black, left scale)
and exciton binding energies (red, right scale) as a function
of the applied field, assuming (b) AA and (c) AA’ stacking.
K and a hole at Γ in a similar heterostructure, namely
MoS2/WSe2. [39] The hole wavefunction at the Γ point
is found to be naturally distributed across both layers,
despite the type-II nature of the heterostructure, thus
leading to a high electron-hole overlap and higher recom-
bination rate, as we will discuss in greater detail further
on.
The energies of the two lowest conduction bands and
the two highest valence bands at K point are plotted as
a function of electric field in Fig. 2(a). It is clear that the
band gap energy of the heterostructure can be modulated
by the electric field, reaching its maximum value of 1.28
eV at 0.225 V/A˚. Valence band extrema at the Γ point
are plotted as a function of the field in Fig. 2(b), where
an important qualitative difference, as compared to the
valence band at K, is evidenced: the bands crossing ob-
served in K-point states for a field around 0.225 V/A˚ is
replaced by an anti -crossing at ≈ 0.185 V/A˚ for the va-
lence Γ states. This suggest the existence of mixed layer
states, namely, holes states at Γ are delocalized across the
two layers, in vicinity of the observed anti-crossing. Sim-
ilar qualitative features are observed also in AA’ stacking
case in Figs. 2(c) and 2(d). The intrinsic distribution of
Γ states in valence band over both layers is confirmed by
the wave function calculations in what follows.
Wave function projections at K and Γ points, calcu-
lated according to the definition in Eq. (1), are shown
in Fig. 3 as a function of applied electric field. Fig-
ure 3(a) shows the projections of the lowest conduction
band minimum (CBM) at K point, for AA stacking. For
electric field values lower than 0.175 V/A˚ (including the
negative values), the wave function is almost completely
localized in the first layer (MoSe2). As the applied elec-
tric field increases, there is an abrupt shift to the other
layer (WSe2). For the valence band maximum (VBM) at
K, shown in Fig. 3(b), this trend is reversed, as expected
from the type-II band alignment. Besides, the transi-
tion is smoother for VBM, indicating a more pronounced
band mixing at the band crossing. As for the valence
band states at Γ point, shown in Fig. 3(c), the behavior
is almost the same as for the hole states at K point, but
there is an even smoother shift of wave functions from one
layer to the other. We also note an intrinsic ≈65%-35%
distribution of this wave function between both layers,
even in the absence of applied field. Similar results are
also observed for the AA’ stacking case in Figs. 1(d-f),
although the crossover occurs at a higher electric field, in
accordance to the bands crossing shown in Fig. 2(c) and
2(d).
The DFT obtained electron and hole probability den-
sities in the AA stacking case are illustrated in Figure
4(a), for different values of the perpendicularly applied
electric field E. It is clear that for low fields, electrons
(holes) are strongly localized in the WSe2 (MoSe2) layer,
as previously discussed. As the applied field becomes
more positive, charge carriers are pushed towards the op-
posite layer, and the localization of these particles is in-
terchanged. For intermediate values of the applied field,
however, the wave functions partially populate both lay-
ers and, consequently, a stronger electron-hole popula-
tion overlap is observed. This is verified in Fig. 4(b),
for the AA stacked heterostructure, where this overlap
reaches a maximum of ≈86% for E ≈ 0.2 V/A˚ , so that
the modulus of the binding energy increases by ≈ 45
meV. Despite the strong enhancement of the overlap, the
increase in binding energy is small because the combi-
nation of binding energies Eij for each charge distribu-
tion case cannot be higher than the intra-layer values
E11 = 0.270 eV (WSe2) and E22 = 0.320 eV (MoSe2).
Inter-layer excitons have naturally lower binding ener-
gies E12 = 0.274 eV and E12 = 0.271 eV. The intensity
(oscillator strength) of excitonic peaks (or its associated
PL) is proportional to the square modulus of the exci-
ton envelope wave function at r = 0, i.e. where elec-
trons and holes are at the same point in space. There-
fore, the electron-hole overlap is a measure of the exciton
peak intensity and, consequently, the effects discussed
here would manifest themselves in PL experiments as an
inter-layer exciton peak whose spectral position and am-
plitude changes with external electric field. Results for
the AA’ stacked case are shown in Fig. 4(c) and exhibit
similar qualitative features, but with a 46 meV maximum
variation of the exciton binding energy at E ≈ 0.3 V/A˚ ,
where the maximum overlap is ≈96%, i.e. even higher
than that of the AA stacked case.
Conclusion - We have investigated the exciton states in
MoSe2/WSe2 heterostructures in the presence of an elec-
tric field applied perpendicularly to the layers. Our re-
sults show that for almost any value of electric field, this
heterostructure clearly exhibits type-II band offsets for
5states around the K-point of the Brillouin zone. This can
be inferred when both electron and hole wave functions
are strongly localized in separate layers. However, at the
crossover electric fields of around 0.2 (0.3) V/A˚ , for AA
(AA’) stacking, charge carriers distributions are flipped.
In the close vicinity of this crossover electric field, the
charge densities (especially the one for holes) are dis-
tributed across both layers. In this case, the electron-
hole overlap and, consequently, exciton binding energy
and oscillator strength can be significantly enhanced.
The possibility of tuning the exciton binding energy
and its PL emission intensity using an applied field
opens an interesting avenue towards the search and en-
hancement of inter-layer charge-separated exciton states,
whose experimental observation has proved to be elusive.
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